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1
. In contrast to graphene, monolayer MoS 2 is a non-centrosymmetric material with a direct energy gap [2] [3] [4] [5] . Strong photoluminescence 2, 3 , a current on/off ratio exceeding 10 8 in field-effect transistors 6 , and efficient valley and spin control by optical helicity [7] [8] [9] have recently been demonstrated in this material. Here we report the spectroscopic identification in a monolayer MoS 2 field-effect transistor of tightly bound negative trions, a quasiparticle composed of two electrons and a hole. These quasiparticles, which can be optically created with valley and spin polarized holes, have no analogue in conventional semiconductors. They also possess a large binding energy (∼20 meV), rendering them significant even at room temperature. Our results open up possibilities both for fundamental studies of many-body interactions and for optoelectronic and valleytronic applications in 2D atomic crystals.
The trion binding energy that we observe in monolayer MoS 2 is nearly an order of magnitude larger than that found in conventional quasi-2D systems, such as semiconductor quantum wells [10] [11] [12] [13] . This is a consequence of the greatly enhanced Coulomb interactions in monolayer MoS 2 , arising from reduced dielectric screening in gapped 2D crystals and the relatively heavy particle band masses associated with the Mo d-manifolds 4, 5, 14 . For an electron density as high as n = 10 11 cm −2 , for instance, the dimensionless interaction parameter r s is ∼60 in monolayer MoS 2 (Supplementary Section S1). This value is significantly larger than that for carriers in quantum wells even at very low doping levels 15 . Monolayer MoS 2 is a strongly interacting system even in the presence of relatively high carrier densities; it thus presents an ideal laboratory for exploring many-body phenomena, such as carrier multiplication and Wigner crystallization 16 . The atomic structure of MoS 2 consists of hexagonal planes of S and Mo atoms in a trigonal prismatic structure ( Fig. 1a; ref. 17 ). The two sublattices of the hexagonal MoS 2 structure are occupied, respectively, by one Mo and two S atoms (Fig. 1b) . Monolayer MoS 2 is a direct gap semiconductor with energy gaps located at the K and K points of the Brillouin zone (Fig. 1c) . Both the highest valence bands and the lowest conduction bands are formed primarily from the Mo d-orbitals 4, 17 . The large spin-orbit interaction splits the highest valence bands at the K (K ) point by ∼160 meV (refs 2,3,7). The valley and spin degrees are coupled because of the lack of inversion symmetry in monolayer MoS 2 photoluminescence spectroscopy. In our investigations we have made use of MoS 2 monolayers prepared by mechanical exfoliation. Field-effect transistors (FETs) using MoS 2 were fabricated on SiO 2 /Si substrates; the doping density in the MoS 2 channel was systematically varied by applying a voltage to the Si back gate. All measurements were performed at 10 K, if not otherwise specified. The typical variation of the drain-source current (I ds ) with the gate voltage (V g ) is shown in the inset of Fig. 1d . The response is characteristic of a FET with an n-type channel. Spontaneous negative doping, presumably from defects within the MoS 2 layer and/or substrate interactions, has been commonly reported in mechanically exfoliated MoS 2 (refs 6,19) . Over the accessible range of the gate voltage (−100 to +80 V) our MoS 2 FETs exhibit electron doping. The low off-state current at high negative gate voltages is understood to reflect electron localization in 2D (ref. 15 ) and/or a channel-contact barrier.
The absorption spectrum of monolayer MoS 2 at a gate voltage of −100 V (Fig. 1d) corresponds to that of a nearly undoped sample. It shows pronounced absorption peaks from excitonic transitions, rather than the steps that would be expected for absorption arising from band-to-band transitions in 2D. The two features, known as the A (∼1.92 eV) and B (∼2.08 eV) excitons 2, 3, 20 , are associated with direct optical transitions from the highest spin-split valence bands to the lowest conduction bands. These transitions are significantly modified by strong Coulomb interactions between the photogenerated electron-hole pairs and the corresponding formation of bound excitons.
In our investigation of the optical response of MoS 2 in the presence of a 2D electron gas (2DEG), we focus on the behaviour of the low-energy (A) exciton over the spectral range of 1.8-2.0 eV. Figure 2a (red lines) shows representative absorption spectra of a monolayer MoS 2 FET under gate voltages from −100 to 80 V, corresponding to approximate charge neutrality to a doping density of ∼ 10 13 cm −2 . We see an overall suppression of the optical absorbance in this spectral region with increasing electron doping. The prominent A exciton peak evolves into two resonances, with the emergence of a lower energy resonance (labelled as A − ). For V g > 0, the absorbance of feature A diminishes rapidly and disappears into the background. The A − feature, on the other hand, broadens gradually, while approximately preserving its spectral weight. Similarly, in the photoluminescence spectra ( Fig. 2a) , both resonances can be identified for negative gate voltages. The photoluminescence intensity of the A exciton, like its absorbance, can be switched off by doping. In addition, redshifts in the photoluminescence peak energies from the corresponding absorption energies (Stokes shifts) are observed for both features; the magnitude of Stokes shift is found to increase with doping level ( Supplementary Fig. S1b ). What is the origin of the A − resonance? Our observation cannot be explained by a simple state-blocking effect. Although such Pauli blocking can account for the overall reduction in absorption with doping 21 , it cannot explain the appearance of two resonances with different doping dependences. Nor can the emergence of two features be explained by an electric-field-induced band structure modification. In the absence of magnetic fields, the valley and spin degeneracy of the bands is protected and no available degeneracy can be lifted to give rise to two distinct resonances. The observed A − feature, however, can be understood as arising from trions. Such bound states of two electrons to a hole, that is, negatively charged excitons, are known to have finite binding energies 10, 11, 22, 23 . In our experiment at low temperature, the optical response of monolayer MoS 2 is dominated by neutral excitons in undoped samples. Trions emerge, accompanied by a reduction of exciton absorption and photoluminescence, when excess electrons are introduced to bind to photoexcited electron-hole pairs. The exciton spectral weight is transferred to the trion, as shown in our experiment. The detailed dependence on doping density of this phenomenon in the relatively low doping regime is often governed by electron localization in inhomogeneous samples.
We have analysed the absorption spectra to determine the energies to create both neutral excitons (ω A ) and trions (ω A − ) as a function of the doping level. The analysis is based on a fitting procedure using the predicted power-law spectral dependence 21, 24 of the features (see Methods for details) 21, 24 . We also convert the gate voltage to the electron doping density (ne = CV g ) using the back-gate capacitance of C = 1.2 × 10 −8 F cm −2 and then to the Fermi energy (E F =h 2 πn/2m e e 2 ) using an electron band mass of m e = 0.35m 0 (ref. 14) , where m 0 is the electron mass. Because of intrinsic charging effects, we furthermore introduce an offset in the gate voltage of −107 ± 6 V for E F = 0. This value was extrapolated from the gate dependence of the photoluminescence Stokes shift 21, 25 (Supplementary Section S2).
When the Fermi energy is varied from ∼0 to 30 meV, the exciton energy blue-shifts monotonically, whereas the trion energy remains largely unchanged, after a slight initial redshift (Fig. 2b) . These dependences arise from the combined effects of Pauli blocking and many-body interactions 25, 26 , and are consistent with the previous theoretical results (Supplementary Section S3) and experimental studies on quantum wells (refs 10-13) . The splitting between the exciton and trion energy is predicted to be linearly dependent on the Fermi energy and obey
where E A − is the trion binding energy. Because the exciton can be considered as an ionized trion, ω A − ω A − defines the minimum energy for the removal of one electron from the trion. In the limit of infinitesimal doping, it is just the trion binding energy E A − , the energy required to promote one of the electrons in a trion to the conduction band edge. At finite doping densities, an exciton is obtained by dissociation of a trion and placing the extra electron at the Fermi level, all lower conduction band levels being occupied at zero temperature (inset of Fig. 2c ). Our experimental result for ω A − ω A − agrees very well with equation (1) (Fig. 2c) , further confirming the spectroscopic assignment of the exciton and trion features. We also determine the trion binding energy from the linear fit to be 18.0 ± 1.5 meV. This value is compatible with an estimated trion binding energy of E A − ∼ 0.1E A (for isotropic 2D semiconductors with equal electron and hole masses 23 ) and the calculated exciton binding energy of E A ≈ 0.6 eV(refs 14,27). The large trion binding energy observed in monolayer MoS 2 suggests the importance of trions even at elevated temperatures. Indeed, both the exciton and trion features can be identified in the optical response of doped monolayer MoS 2 at room temperature (Fig. 3a,b) , although the resonances are significantly broadened. The absorption and especially photoluminescence are highly dependent on doping (Fig. 3c) . Whereas the trion photoluminescence is largely gate independent, the exciton photoluminescence varies by nearly two orders of magnitude, which is also correlated with the I ds − V g dependence 12 . This dependence arises primarily from a spectral weight reduction of the exciton resonance with doping, which is consistent with the low-temperature data (although less noticeable at low doping levels owing to the finite temperature effects). The tuning range of the exciton photoluminescence could be further increased with better quality samples. Such strong tunability of the exciton photoluminescence was not observed at 10 K, where emission originates from hot photoluminescence before exciton-trion equilibrium is reached, whereas at room temperature, exciton photoluminescence originates primarily from populations thermally excited from the trion state.
Finally, we demonstrate the unique spin and valley properties of trions in monolayer MoS 2 . Figure 4a shows the photoluminescence spectrum for a monolayer MoS 2 sample on a hexagonal boron nitride (h-BN) substrate at 10 K, where the trion and exciton features are fully resolved because of the high homogeneity of the sample. We optically pump the sample at 1.96 eV, nearly on-resonance with the A exciton, by left-circularly polarized light (σ − ). The trion emission is found to be nearly 100% of the same helicity as the pump light (Fig. 4b) . Whereas the optical selection rules dictate a single exciton state with hole spin up and electron spin down in the K-valley on absorption of a σ − photon, multiple trion states are allowed. Among them the lowest energy state consists of hole spin up and two electrons spin down in the K-valley when valley and spin exchange interactions are included. Our photoluminescence result indicates that the optically excited hole in the trion remains spin up, that is, in the K-valley (for a time much longer than the trion lifetime), even in the presence of strong exchange mediated spin relaxation. This suggests the robustness of the hole valley index as a result of the coupled valley and spin degree of freedom 18, 22 . The existence of tightly bound trions with dynamically controllable hole valley and spin in monolayer MoS 2 opens up possibilities of novel many-body phenomena. The large trion binding energy in 2D atomic crystals may also impact the development of new photonic and optoelectronic devices, such as optical detectors or photovoltaic cells. In contrast to neutral excitons, trions can be guided by electric fields, suggesting schemes to overcome the losses associated with the usual diffusive motion of neutral excitons.
Methods
Sample preparation. Monolayer MoS 2 samples were mechanically exfoliated from bulk MoS 2 crystals (SPI) on silicon substrates covered by a 280 nm layer of thermal oxide. Monolayer samples, typically of an area >50 µm 2 , were identified by optical microscopy. The sample thickness was confirmed independently by atomic-force microscopy and photoluminescence measurements 2, 13 . Monolayer MoS 2 FET devices were fabricated by defining drain and source contacts either through e-beam lithography or photolithography, followed by deposition of Cr/Au or Ni in an e-beam evaporator. For the polarization resolved measurement, the exfoliated samples were transferred to hexagonal boron nitride substrates.
Optical measurements. Monolayer MoS 2 FETs were first characterized at 10 K and at room temperature when the back gate was varied systematically from −100 to 80 V. No significant hysteresis was observed. The drain-source current I ds was measured in the linear response regime under a drain-source bias voltage V ds = 40 mV across a channel length of 10 µm. For optical absorption measurements, the broadband radiation from a quartz tungsten halogen source was focused onto monolayer MoS 2 by a 40× objective. The reflected radiation was collected and analysed with a grating spectrometer equipped with a liquid nitrogen cooled CCD.
The reflectance contrast was measured by normalizing the radiation reflected from the sample on substrate to that from the bare substrate. The sample absorbance was obtained from the reflectance by using a Kramers-Kronig constrained variational analysis 28 (Supplementary Section S4). Photoluminescence measurements were performed using the same set-up with a single-mode solid-state laser centred at 532 nm. The laser intensity on the sample was kept below 500 W cm −2 , which corresponds to a steady-state photoexcitation density of ∼ 10 10 cm −2 in monolayer MoS 2 (refs 2,29) . This is ∼2-3 orders of magnitude lower than the electron doping density induced by the silicon back gate. For the polarization resolved measurements, a Babinet-Soleil compensator was used to produce circularly polarized 632.8 nm light from a HeNe laser. Emission from the sample passed through a combination of a quarter-wave Fresnel rhomb and an analyser for selection of the left-and right-circularly polarized components.
Analysis of the absorption spectra. We used the predicted single-sided power-law spectral dependence of the exciton and trion absorbance in doped 2D semiconductors, A(ω) = X =A,A −1 a X (ω − ω X ) −αX (for ω > ω X ) (refs 21,24) . This expression corresponds to a shake-up process, a non-instantaneous evolution of the 2DEG to a new equilibrium configuration on creation of a hole 21, 24 . Here a X , ω X and α X are, respectively, the amplitude, threshold energy and critical exponent of resonance X (= A and A − ). In the limit of relatively low doping densities, as in our experiment, a X (X = A,A − ) depend weakly on doping 24 and were kept as constants. To compare with experiment, the power-law dependence was convoluted with a Gaussian to account for sample inhomogeneity and the onset of indirect optical transitions in doped semiconductors 21 . In addition, a smooth background describing the low-energy tail of higher energy transitions was subtracted from experimental spectra. (See Supplementary Sections S3 and S4 for details.) The fits (green lines, Fig. 2a) , with individual contributions from excitons and trions (blue lines), are in good agreement with experiment (red lines). At positive gate voltages the exciton absorption is very weak and is omitted from the fitting.
